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Abstract
Performance of a wide range of simple visual tasks improves with practice. Here we ask whether such learning occurs for the
fundamental visual task of luminance contrast detection. In two experiments we ﬁnd that contrast sensitivity increases following
extensive practice at detecting brieﬂy presented sinusoidal luminance gratings and that learning is maintained after six months.
Learning is spatial frequency tuned, speciﬁc to retinal location and can be speciﬁc to one eye, but is not selective for orientation. The
selectivity of learning implies that it is based on plasticity in early visual, as opposed to central cognitive, processing mecha-
nisms.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Perceptual learning research has indicated that prac-
tice can result in improvements on many (but not all e.g.
Westheimer, 2001) visual tasks by human adults (see
Karni & Bertini, 1997; Sagi & Tanne, 1994; Sathian, 1998
for reviews). For instance, improvement has been shown
in visual detection or discrimination of orientation (e.g.
Fahle, 1997; Schoups, Vogels, & Orban, 1995; Shiu &
Pashler, 1992), texture (Karni & Sagi, 1991, 1993), pop-
out (Ahissar & Hochstein, 1993, 1996), vernier oﬀset
(Fahle, 1994, 1997; Fahle & Edelman, 1993), stereo in-
formation (Fendick & Westheimer, 1983; Ramachan-
dran & Braddick, 1973; Sowden, Davies, Rose, & Kaye,
1996), spatial phase (Fiorentini & Berardi, 1980, 1981)
and motion (Ball & Sekuler, 1982, 1987; Zanker, 1999).
Improvements are often speciﬁc to stimulus properties
such as orientation, spatial frequency, visual ﬁeld loca-
tion and, less frequently, eye of origin. This has been
taken as strong evidence that learning is based on plas-
ticity of mechanisms early in the visual processing stream
as opposed to of central cognitive processing and has led
some researchers to propose early cortical sites, such as
V1, for the modiﬁcations involved (e.g. Ahissar &
Hochstein, 1996; Karni & Bertini, 1997; Karni & Sagi,
1991). However, the latter inference may not be as simple
as it originally seemed (Ahissar & Hochstein, 1997, 2000;
Mollon & Danilova, 1996).
Recent work has also revealed the role of, what have
been referred to as, ‘mid-level’ mechanisms in perceptual
learning (e.g. Dosher & Lu, 1998, 1999; Fine & Jacobs,
2000). For instance, Dosher and Lu (1998, 1999) showed
that the contrast required to make orientation discrimi-
nations in the presence of external noise reduced with
practice and that this resulted from improved ﬁltering of
external noise and suppression of internal noise. Simi-
larly, Gold, Bennett, and Sekuler (1999) showed that the
contrast energy required to identify faces and textures in
the presence of external noise reduced with practice.
However, despite the large amount of perceptual
learning research conducted there has been almost no
work to explore whether learning occurs for the funda-
mental and simple visual task of luminance contrast
detection. To our knowledge only two studies bear di-
rectly on this issue. 1 The ﬁrst is that of De Valois (1977)
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who conducted a contrast adaptation experiment de-
signed to explore channel tuning and interactions be-
tween channels. She reports an overall increase in
contrast sensitivity as a ‘side-eﬀect’ of participating in
this and closely related tasks on a daily basis over a one
and a half year period. However, given that the experi-
ment used method of adjustment, which is vulnerable to
criterion shifts in decision making, and that there was no
assessment of the speciﬁcity of learning to stimulus di-
mensions, it is not possible to know whether the learning
was localised in central cognitive processing or early
visual processing mechanisms. The second relevant
study is that of Mayer (1983). She explored whether the
typical pattern of orientation anisotropy reported for
Caucasian adults––that is greater sensitivity to horizon-
tal and vertical (cardinal) orientations than to obli-
ques––could be changed by visual experience. She found
that practice at detecting a low contrast oblique grating
improved performance and that this transferred to the
orthogonal oblique orientation but not to cardinal ori-
entations to which sensitivity is presumed to already be
optimal for most observers as a result of normal visual
experience. The single transfer dimension and the ob-
served transfer pattern again make it diﬃcult to deter-
mine the locus of the learning eﬀect. Consequently, our
objectives in the present experiments were ﬁrst to conﬁrm
the observation that contrast detection improves with
practice, and second to measure the speciﬁcity of any
such improvements to determine whether learning is lo-
calised in early visual processing mechanisms or central
cognitive processing. To obtain a more precise charac-
terisation of the ﬁlter mechanisms underlying learning,
we examine the pattern of speciﬁcity on multiple stimulus
dimensions. We report two experiments in tandem to
facilitate direct comparison of ﬁndings between them.
2. Methods
Seven inexperienced psychophysical observers took
part in Experiment 1 and four experienced psycho-
physical observers in Experiment 2. All observers had
normal or corrected to normal vision.
Stimuli were sine-wave gratings (mean luminance 10
cd/m2) generated by an Innisfree Picasso waveform gen-
erator under computer control and displayed on a Tek-
tronix 608 oscilloscope. They subtended 2, as viewed
from 1 m. The stimulus display set-ups for Experiments 1
and 2 are shown in Fig. 1a and b respectively.
Our overall design was ﬁrst to measure luminance
contrast thresholds to gratings that varied in orientation
(Experiment 1 only), spatial frequency, and the retinal
location or eye to which they were presented (pre-
training tests). Then, during training, our observers
practised detecting just one particular grating, presented
at threshold contrast, for 10,000 trials spread across 10
days. Following training, to assess speciﬁcity of learn-
ing, we re-measured contrast sensitivity to all the stimuli
presented before training; these measurements were re-
peated on several further occasions (post-training tests).
Test sessions in Experiment 1 took place the day
before training began (day 1) and following completion
of training on days 12, 15, 19, 26, 33 and 40. In Ex-
periment 2 we wished to measure retention of learning
over a longer time span. Consequently, test sessions
took place on days 1, 12, 80 and in the case of observer
MS, 195. In two interim tests (days 19 and 50) sensitivity
to just the training stimulus was measured to provide
more information on the retention of learning.
Thresholds were measured using a two-up one-down,
temporal three-alternative forced-choice (3AFC) proce-
dure (Levitt, 1970; see Shelton & Scarrow (1984) for
favourable comparison with other procedures), con-
verging on threshold at 70.7% correct. The observer
initiated each trial by pressing a button once they were
sure they were ﬁxating correctly. On each trial the
Fig. 1. Stimulus display for each experiment. In both experiments the
space-averaged luminance of the gratings was 10 cd/m2. (a) Experiment
1: the central grating position surrounded by a translucent annulus
(mean luminance ¼ 6:60 cd/m2) and a black mask with ﬁxation holes.
(b) Experiment 2: schematic representation of the three positions on
the oscilloscope in which a stimulus could be displayed relative to the
ﬁxation dot. The luminance of the background was the same as the
space-averaged luminance of the gratings.
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stimulus was presented in one of three successive pre-
sentation intervals (signalled by a co-occurring ‘beep’)
each lasting 117 ms (to eliminate eye movements) and
separated by 500 ms inter-stimulus intervals (ISI). The
observer was required to press a button to indicate in
which of the three presentation intervals they thought a
stimulus occurred. Each run terminated after 15 turn-
arounds and threshold was calculated as the mean of the
last 10 turnarounds.
The measurements conducted during Experiment 1
test sessions are summarised in Table 1. In separate
blocks, thresholds were measured to gratings oriented at
45 to vertical, and presented to part of the left eye nasal
retina (training location) with spatial frequencies of 8, 4
(training stimulus), 3, 2 and 1 cycles per degree (c/deg).
These spatial frequencies were selected to incorporate
stimuli both within and beyond the bandwidth of a
typical spatial frequency processing channel centred on
the training stimulus (cf. De Valois & De Valois, 1988,
pp. 204–205). A peripheral training location was selected
because previous work typically reports greater percep-
tual learning in the periphery than the fovea (see most
recently Westheimer, 2001). A translucent lens with a
refractive power of 0 diopters was placed in front of the
non-observing eye to occlude the stimulus. Thresholds
were also measured for the training stimulus presented
to the corresponding visual ﬁeld location in the right eye
(temporal retina) and to a mirror-symmetric location in
the left eye (temporal retina). Finally, thresholds were
measured for 4 c/deg gratings presented at the training
location with orientations of þ12 and þ90 relative to
the training stimulus. These orientations were selected to
incorporate a stimulus within, and a stimulus beyond,
the bandwidth of an orientation tuned processing
channel centred on the training stimulus (cf. De Valois
& De Valois, 1988, pp. 264–267). The order of testing
was counterbalanced across observers, but kept constant
within an observer between pre- and post-training tests.
The measurements conducted during Experiment 2
test sessions are summarised in Table 2. The contrast
threshold for each of the test stimuli was measured in
separate blocks. Thresholds were measured to a vertical
4 c/deg sinusoidal grating presented to part of the left
eye, lower nasal retina (training stimulus). An opaque
patch was placed over the non-observing eye to occlude
the stimulus. Thresholds were also measured to the same
grating presented to two other retinal locations in the
same eye (in the lower temporal and upper nasal retina),
and to two locations in the other eye (in the lower nasal
and lower temporal retina). In addition, thresholds to a
2 c/deg grating presented to the same location as the
training stimulus were measured.
In both experiments on each of the 10 training days
(days 2–11) each observer completed 1000 temporal
2AFC trials. The use of a two-alternative forced-choice
procedure during training was selected to minimise the
Table 1
Stimulus details for Experiment 1
Test Location Eye Spatial frequency (c/deg) Orientation ()
Training Nasal retina Left 4 45
Spatial frequency transfer Nasal retina Left 8 45
Spatial frequency transfer Nasal retina Left 3 45
Spatial frequency transfer Nasal retina Left 2 45
Spatial frequency transfer Nasal retina Left 1 45
Interocular transfer Temporal retina Right 4 45
Retinal location transfer Temporal retina Left 4 45
Orientation transfer Nasal retina Left 4 57
Orientation transfer Nasal retina Left 4 135
Diﬀerences between the training stimulus and each test stimulus are shown in bold. Orientations are expressed clockwise relative to vertical, which is
deﬁned as 0. For precise stimulus locations see Fig. 1a. The order of testing was counterbalanced across observers but held constant between pre-
and post-training test sessions within an observer.
Table 2
Stimulus details for Experiment 2
Test Location Eye Spatial frequency (c/deg) Orientation ()
Training Lower nasal retina Left 4 0
Spatial frequency transfer Lower nasal retina Left 2 0
Interocular transfer Lower nasal retina Right 4 0
Interocular transfer Lower temporal retina Right 4 0
Retinal location transfer Lower temporal retina Left 4 0
Retinal location transfer Upper nasal retina Left 4 0
Diﬀerences between the training stimulus and each test stimulus are shown in bold. Orientations are expressed clockwise relative to vertical, which is
deﬁned as 0. For precise stimulus locations see Fig. 1b. The order of testing was counterbalanced across observers but held constant between pre-
and post-training test sessions within an observer.
P.T. Sowden et al. / Vision Research 42 (2002) 1249–1258 1251
length of time required for each trial, and thereby to
maximise the number of trials that could be comfortably
completed within a training session, whilst maintaining
a criterion free measurement of detection performance.
The observer initiated each trial by pressing a button
once they were sure they were ﬁxating correctly. On each
trial observers were required to detect in which of
two successive presentation intervals (signalled by a co-
occurring ‘beep’) the training stimulus was presented.
They indicated their choice by pressing a button. The
presentation intervals lasted 117 ms and were separated
by a 500 ms ISI. In both experiments the contrast of the
grating was set to each observer’s threshold as measured
on the pre-training test. In Experiment 2, to better focus
trials around threshold, contrast was increased by 1 dB
if performance in the previous 100 trials was <55%
correct and was decreased by 1 dB if performance was
>80% correct.
To assess the eﬀect of feedback in Experiment 1 four
of the observers received trial by trial auditory feedback
during training sessions, while the remaining three re-
ceived no feedback during training or test sessions. In
Experiment 2, there was no feedback during training or
test sessions.
3. Results
Feedback had no eﬀect on training or test session
performance in Experiment 1 ðp > 0:5Þ. Consequently,
observer’s data are combined hereafter.
Detection performance improved over training in
Experiment 1 (Fig. 2). A log function provides a parsi-
monious ﬁt to the data explaining 73% of the variance.
This suggests that the rate of improvement decreased as
observers approached asymptotic performance over the
course of training. However, performance was still in-
creasing at the end of training suggesting that even
larger improvements in contrast sensitivity could occur
with further extended training. A similar ﬁgure cannot
be plotted for Experiment 2 because contrast was ad-
justed during training to maintain performance between
55% and 80% correct.
In Experiment 1, sensitivity to all stimuli increased by
at least 0.05 of a log unit, between the pre- and post-
training tests (main eﬀect of test session, F6;36 ¼ 6:71,
p < 0:01). We call this the general learning eﬀect and it
is illustrated by the improvement in detection of all
stimuli seen in Fig. 3a and b. Planned comparisons of
predicted diﬀerences indicated a signiﬁcant increase in
contrast sensitivity, averaged over all stimuli, between
the pre- and the ﬁrst post-training test (F1;6 ¼ 19:47, p <
0:01) that was maintained over all subsequent post-
training tests (i.e. no further signiﬁcant changes p >
0:05).
However, there was a greater improvement in detec-
tion of the training stimulus than for several of the other
stimuli (interaction between test session and stimulus,
F48;288 ¼ 1:81, p < 0:01). We call this the speciﬁc learning
eﬀect and it is illustrated in Fig. 3a and b (planned
comparisons are reported below). Further, in Experi-
ment 2 an analysis of variance indicated there was only a
speciﬁc increase in sensitivity to the training stimulus
(interaction between test session and stimulus,
F6;18 ¼ 3:10, p < 0:05). This speciﬁc learning eﬀect can
be seen in Fig. 4 (planned comparisons are reported
below). The increase in individual observer’s sensitivity
to the training stimulus between pre-training test and
the average of the post-training tests ranged between
0.07 and 0.22 log units (mean ¼ 0:14, SD ¼ 0:05) in
Experiment 1 and between 0.06 and 0.18 log units
(mean ¼ 0:12, SD ¼ 0:05) in Experiment 2.
General improvements in performance have previ-
ously been reported in perceptual learning paradigms
(e.g. Schiltz et al., 1999). Further, the need to ‘pre-train’
observers until stable performance is reached prior to
starting the main part of many psychophysical experi-
ments is well known. Here our use of na€ıve observers in
Experiment 1 who were not pre-trained is likely to have
resulted in our observation of a general learning eﬀect.
For instance, observers may have learned about general
aspects of participating in psychophysical experiments,
such as the timing of temporal forced-choice procedures.
In Experiment 2 the observers were all experienced at
taking part in vision experiments so no such general
learning was expected or observed.
However, the occurrence of a speciﬁc learning eﬀect
in both experiments supports the proposition that there
was a further learning process resulting from a speciﬁc
change in the visual processing of luminance contrast
information. Next, we explore the tuning pattern of this
speciﬁc learning.
Fig. 2. Mean percent correct on each day of training during Experi-
ment 1. Error bars indicate 1 standard error. The trend-line illus-
trates a logarithmic ﬁt to the data.
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Planned comparisons conﬁrmed that there were no
consistent increases or decreases in contrast sensitivity
to any of the individual stimuli between post-training
test sessions in either Experiment 1 or 2 2 ðp > 0:05Þ.
Consequently, hereafter we simply use contrast sensi-
tivity averaged over post-training tests for each stimu-
lus. To illustrate the pattern of the speciﬁc learning eﬀect
in each experiment we report a set of planned compar-
isons. Because there was a general learning eﬀect in
Experiment 1 these comparisons need to indicate when
the increase in sensitivity to the training stimulus was
greater than to another stimulus. Thus, we take the
diﬀerence in contrast sensitivity between the pre-training
test and the mean of the post-training tests, for the
training stimulus, and compare it with the same diﬀer-
ence for each of the other stimuli. In Experiment 2 no
general learning eﬀect was indicated so we can simply
compare pre-training with the mean of the post-training
tests for each stimulus individually.
3.1. Speciﬁcity of learning to retinal location
The increase in contrast sensitivity was speciﬁc to
retinal location. In Experiment 1 there was a signiﬁ-
cantly greater increase in sensitivity to the training
stimulus than to the same stimulus presented to another
retinal location (Fig. 3a; F1;6 ¼ 7:50, p < 0:05Þ. In Ex-
periment 2 there was no signiﬁcant change in sensitivity
to stimuli presented at two other retinal locations (Fig.
4; p > 0:05Þ.
3.2. Speciﬁcity of learning to spatial frequency
The increase in contrast sensitivity was spatial fre-
quency tuned. In Experiment 1 there was only an
equivalent increase in contrast sensitivity to stimuli that
were close to the training stimulus in spatial frequency
(Fig. 3b). The increase in contrast sensitivity to the
training stimulus was signiﬁcantly greater than to a
stimulus 2 octaves lower (1 c/deg; F1;6 ¼ 6:92, p < 0:05)
or 1 octave higher (8 c/deg; F1;6 ¼ 6:15, p < 0:05) in
spatial frequency, and almost signiﬁcantly greater than
to a stimulus 1 octave lower in spatial frequency (2 c/
deg; F1;6 ¼ 4:55, p ¼ 0:077). However the increase
was clearly not signiﬁcantly greater than to a stimu-
lus 0.41 of an octave lower in spatial frequency (3 c/deg;
Fig. 3. Experiment 1 test sessions results. Error bars indicate 1
standard error. (a) Log contrast sensitivity to the training stimulus and
to gratings that diﬀer in orientation, or the eye or retinal location to
which they were presented, at pre-training test and the mean of the
post-training test sessions. For simplicity of presentation the two dif-
ferent orientation stimuli (þ12 and þ90) are averaged because
analysis of variance indicated no signiﬁcant diﬀerence (p > 0:05) in the
way contrast sensitivity to them varied across test sessions. (b) Log
contrast sensitivity to the training stimulus and to gratings that diﬀer
in spatial frequency (expressed as diﬀerence in octaves relative to the
training stimulus), at pre-training test and the mean of the post-
training test sessions.
2 In fact, in Experiment 2 there was a signiﬁcant rise in the average
sensitivity to the training stimulus between the ﬁrst and second post-
training tests. Whilst at ﬁrst sight this might seem to suggest a
consolidation of learning process we think it is more simply explained
as resulting from random ﬂuctuation/noise in two individuals’ thresh-
olds for the following reasons. First, examination of individual data
revealed that two observers showed a decrease in sensitivity to the
training stimulus on the ﬁrst post-training test (observer ID 0.05 log
units; observer GH 0.08 log units) that reduced the average value
across observers for this test. However, on subsequent tests their
sensitivity was consistently increased relative to pre-training (ID þ0.09
log units average; GH þ0.15 log units average). Second, of these two
observers GH also showed a clear trend for improvement in detection
of the training stimulus over the course of training. Third, the
remaining observers showed consistently increased sensitivity to the
training stimulus, relative to the pre-training test, on all post-training
tests and improvement during training. Fourth, all observers in
Experiment 1 showed improvement during training and consistent
increases in contrast sensitivity to the training stimulus comparing
post-training with pre-training. Thus, the balance of evidence points to
an increase in sensitivity to the training stimulus as a function of
training that subsequently remains stable post-training rather than
further increasing through a consolidation process.
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p ¼ 0:31). In Experiment 2 there was no signiﬁcant
change in sensitivity to a stimulus 1 octave lower in
spatial frequency (2 c/deg; Fig. 4; p > 0:05).
We calculated the increase in contrast sensitivity be-
tween pre-training test and the mean of the post-training
test sessions for each of the frequencies used in Experi-
ment 1. We plot these values against spatial frequency in
octaves relative to the training frequency in Fig. 5. By
interpolating from a function ﬁtted to the data we were
able to calculate the tuning bandwidth at half amplitude
of the ﬁlters mediating the speciﬁc learning eﬀect. This
value was approximately 1.3 octaves, a ﬁgure similar to
estimates of spatial frequency channel tuning (e.g. De
Valois & De Valois, 1988, pp. 204–205).
3.3. Speciﬁcity of learning to orientation
In Experiment 1 the increase in contrast sensitivity
was not orientation tuned, or at least was only broadly
tuned for orientation (Fig. 3a). The increase in contrast
sensitivity to the training stimulus was not signiﬁcantly
greater than to stimuli diﬀering in orientation by þ12
ðp > 0:05Þ or þ90 ðp > 0:05Þ. Transfer across orienta-
tion was not measured in Experiment 2.
3.4. Speciﬁcity of learning to eye
There is one intriguing diﬀerence in results between
the two experiments that concerns interocular transfer
of learning. In Experiment 1 the increase in contrast
sensitivity to the training stimulus was not signiﬁcantly
greater than when it was presented to the other eye (Fig.
3a; p > 0:05), although the average size of the speciﬁc
learning eﬀect for the training stimulus was 45% greater
than for the other eye. In Experiment 2 the increase in
contrast sensitivity to the training stimulus was signiﬁ-
cantly greater than when it was presented to the other
eye (Fig. 4; F1;3 ¼ 9:82, p ¼ 0:05). Variation in interoc-
ular transfer across similar experiments has been noted
before (Ahissar & Hochstein, 1996) and attributed to
changes in training procedure. One possible explanation
for this diﬀerence here is that it results from the diﬀerent
methods of occlusion used in the two experiments. 3 In
Experiment 1, observers wore a translucent occluder
over the non-observing eye that allowed approximately
the same mean luminance to reach the eye. In Experi-
ment 2 observers wore an opaque patch over the non-
observing eye. Variations in interocular transfer as a
function of occlusion method are not without precedent.
For instance, similar diﬀerences in interocular transfer,
resulting from the use of opaque vs. translucent oc-
cluders, have been reported for transfer of the motion
after-eﬀect (Lehmkuhle & Fox, 1976). However, the
mechanisms of these eﬀects are not understood and this
is clearly a topic that future research should address.
Fig. 4. Experiment 2 test sessions results. Log contrast sensitivity on
each test session, to the training stimulus (‘trained’), to a grating with a
spatial frequency 1 octave lower than the training stimulus (2 c/deg),
and to gratings that diﬀered in the retinal location or eye to which they
were presented. For simplicity of presentation contrast sensitivity to
gratings presented at two other retinal locations are averaged because
analysis of variance indicated no signiﬁcant diﬀerence in the way
contrast sensitivity to them varied over time ðp > 0:05Þ. For the same
reason data for gratings presented to two locations in the other eye are
averaged. Error bar shows 1 standard error averaged over observers
and stimuli.
Fig. 5. Increase in log contrast sensitivity to the training stimulus and
to gratings that diﬀer in spatial frequency (expressed as diﬀerence in
octaves relative to the training stimulus), between pre-training test and
the mean of the post-training test sessions. A gaussian ﬁt to the data is
shown. This implies no underlying theoretical model but is used be-
cause it provides a good ﬁt to the data ðr2 ¼ 0:999Þ allowing us to
estimate the tuning bandwidth at half amplitude of the ﬁlters medi-
ating the speciﬁc learning eﬀect (i.e. the diﬀerence between the spatial
frequencies at which an improvement half the size of the speciﬁc
learning eﬀect occurs). This is approximately 1.3 octaves. The ampli-
tude of the speciﬁc learning eﬀect is taken to be that learning over and
above the general 0.05 log unit increase in sensitivity to all stimuli.
3 Our use of na€ıve observers in Experiment 1 and experienced
observers in Experiment 2 may also have contributed to the diﬀerence
in amount of interocular transfer between the two experiments.
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Importantly, it is possible that the variation in degree of
interocular transfer reported across other perceptual
learning experiments is in part a result of similar vari-
ations in occlusion method. The latter is a detail that is
frequently not reported.
3.5. Long-term retention of learning
A main aim of Experiment 2 was to explore retention
of learning over a longer time frame. Contrast sensitivity
to the training stimulus increased following training
(Fig. 4; F4;12 ¼ 12:59, p < 0:01). Whilst this increase was
only small on the ﬁrst post-training test (see also Foot-
note 2) it was more marked on all subsequent post-
training tests. Planned comparisons indicated sensitivity
was still signiﬁcantly greater than at pre-training, for all
observers, on the ﬁnal test 80 days after the start of
training (F1;3 ¼ 29:06, p < 0:05). We had the opportu-
nity to test one observer (MS) on a further occasion, 195
days after the start of training. The increase in contrast
sensitivity for this observer was still maintained com-
pletely undiminished (log contrast sensitivity before
training is 1.66, 80 days after start of training is 1.87, 195
days after start of training is 1.90). The retention
of learning over six months post-training is consistent
with other work in the literature that indicates stimulus
speciﬁc, long-term learning eﬀects (e.g. Karni & Sagi,
1993).
4. Discussion
The main aim of this paper was to explore the pos-
sibility of long-term changes in adults’ contrast detec-
tion. In two experiments we have found that extensive
practice at detecting a particular, brieﬂy presented,
threshold luminance-contrast sine-wave grating led to
an improvement in contrast sensitivity to that grating,
which could be maintained for at least 195 days.
For inexperienced observers, part of this improvement
transferred to other stimuli. However, a further part of
the learning was speciﬁc to the practised visual stimulus.
This ﬁnding was supported by the results of Experiment
2, which indicated that for experienced psychophysical
observers only a speciﬁc improvement in detection of the
practised stimulus occurred.
The speciﬁc learning eﬀects observed in both experi-
ments argue strongly that the mechanisms underlying
the increases in contrast sensitivity to the training
stimulus are localised in early visual as opposed to
central cognitive processing mechanisms. Thus our re-
sults suggest that even the most fundamental task for
pattern recognition––the simple detection of luminance
contrast––can be modiﬁed by perceptual learning and is
not simply hard-wired in adults.
4.1. Locus of learning 1: evidence from physiological
methods
Some researchers have gone further when exploring
the transfer of learning and have argued that by exam-
ining the detailed pattern of speciﬁcity and comparing
this to the known properties of cell receptive ﬁelds, we
can gain a more precise indication of the neural locus of
learning (e.g. Ahissar & Hochstein, 1996; Karni &
Bertini, 1997; Karni & Sagi, 1991). The validity of such
inferences is bolstered by converging evidence from
brain-imaging research, which has shown that stimulus
speciﬁc improvements in psychophysical task perfor-
mance are accompanied by activation changes in visual
processing areas that have cells that are selective on the
manipulated stimulus dimensions (Schiltz et al., 1999;
Vaina, Belliveau, Roziers, & Zeﬃro, 1998), and from
electrophysiology (Schoups, Vogels, Qian, & Orban,
2001; Zohary, Celebrini, Britten, & Newsome, 1994).
For instance, Schoups et al. (2001) have recently shown
for the ﬁrst time that perceptual learning on a psycho-
physical task can be directly linked to the properties of
single cells. They found that behavioural improvements
in orientation identiﬁcation were accompanied by im-
proved performance and changes in the characteristics
of orientation tuning of trained neurones compared to
naive neurones.
Here we found that learning was clearly spatial fre-
quency tuned: there was a greater improvement in sen-
sitivity to the training stimulus than to stimuli that
diﬀered in their spatial frequency by 1 octave or more,
and an estimate of the tuning bandwidth of learning was
1.3 octaves. This degree of tuning is more consistent
with estimates of the spatial frequency bandwidth of
cells found in primate V1 (De Valois & De Valois, 1988,
p. 205) than with lateral geniculate nucleus (LGN) cells
(Shapley & Lennie, 1985). Further, there was greater
improvement in sensitivity to the training stimulus at the
trained location than when the same stimulus was pre-
sented at other retinal locations. The speciﬁcity of
learning to location is consistent with the retinotopic
mapping found throughout early visual processing
areas, including V1. The improvement was also speciﬁc
to eye in Experiment 2, but less so in Experiment 1, a
diﬀerence that, as already discussed, may partly be due
to the diﬀering occlusion methods used (Lehmkuhle &
Fox, 1976). At a cortical level, monocular cells are more
widely found in the input layers (4A, 4Ca and 4Cb) of
V1 (Blasdel & Fitzpatrick, 1984; Hawken & Parker,
1984; Livingstone & Hubel, 1984; Rosa, Gattass, Fio-
rani, & Soares, 1992). Finally, the improvement was not
speciﬁc to stimulus orientation. It is of interest to note
that this ﬁnding agrees with Mayer (1983) who has
conducted the only other direct investigation of speci-
ﬁcity of simple contrast detection learning to orientation
that we are aware of and who also found transfer of
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learning across oblique orientations. Non-oriented
cells and/or broadly orientation tuned monocular cells
have been reported in Layers 4A (Blasdel & Fitzpatrick,
1984; Hawken & Parker, 1984), 4Ca (Blasdel &
Fitzpatrick, 1984; Rosa et al., 1992) and 4Cb (Blasdel &
Fitzpatrick, 1984; Hawken & Parker, 1984; Livingstone
& Hubel, 1984; Rosa et al., 1992) of V1. Given the short
duration and low contrast of the present stimuli, the ob-
servation of monocular non-oriented cells in layer 4Ca,
which receives its input from the magnocellular division
of the LGN, is particularly interesting. So, in summary,
the pattern of speciﬁcity seems most consistent with the
receptive ﬁeld properties of cells found in layers 4A and
4C of V1 and in particular with those in layer 4Ca.
However, from a physiological perspective there is at
least one signiﬁcant problem with this interpretation,
which relates to the observed transfer of learning across
orientation. When examined across populations of cells,
orientation tuning and spatial frequency tuning are
generally found to be positively (but not perfectly) cor-
related, including in the above input layers of V1 (cf. De
Valois, Albrecht, & Thorell, 1982). However, here we
found relatively sharp spatial frequency tuning that was
not accompanied by orientation tuning. Consequently, at
a cell population level the present data can be described
as only partly consistent with V1 based learning. 4
4.2. Locus of learning 2: evidence from psychophysical
methods
The diﬃculties inherent in crossing between diﬀerent
levels of explanation have been noted before (cf. Mollon
& Danilova, 1996, for speciﬁc comments on interpreting
psychophysical perceptual learning experiments) and,
with the exception of the work by Schoups et al. (2001)
described above, perceptual learning research has not
directly tied improved psychophysical task performance
to changes in single-cell responses. Thus, it is of interest
to examine ﬁndings that, like the present experiments,
have been conducted within a psychophysical frame-
work to see whether they give a diﬀerent perspective on
the pattern of speciﬁcity of our learning eﬀect. Inter-
estingly, there are ﬁndings from psychophysics that re-
veal visual ﬁlters tuned for spatial frequency but that
pool information across orientation (Georgeson, 1998;
Georgeson & Meese, 1997; Mussap, 2001; Olzak &
Thomas, 1999). Moreover, learning eﬀects that are not
speciﬁc for orientation, consistent with the operation of
these ﬁlters, have also been reported (Fine & Jacobs,
2000). To date, research suggests the operation of these
ﬁlters is restricted to supra-contrast threshold discrimi-
nation tasks with relatively complex stimuli such as
plaids. Nevertheless, the demonstrated existence of these
mechanisms draws an interesting parallel with the pat-
tern of speciﬁcity of our contrast detection learning ef-
fect. Of particular note, Georgeson & Meese (1997)
report a series of experiments that show considerable
ﬂexibility in ﬁlter functioning for the perception of
plaids. In one experiment they explore the neural site of
ﬁlters tuned for spatial frequency, but not orientation,
and ﬁnd that the integration of orientation information
occurs at monocular levels of analysis. They raise the
possibility that summation across orientations occurs at
an earlier more monocularly dominated site than sum-
mation across diﬀerent spatial frequencies. Their ﬁnd-
ings bear a particularly close resemblance to the pattern
of speciﬁcity observed in the present experiment and
provide an independent source of constraint on the
neural locus of such mechanisms. However, the in-
volvement of such mechanisms requires more direct
testing.
4.3. Transfer to mirror symmetric orientations
One other possible explanation of the observed ori-
entation transfer should be considered, which is that it
was an artefact of the precise orientations selected for
our experiment. As already described, the þ12 (relative
to the 45 from vertical training stimulus) stimulus was
selected to be within the bandwidth of a typical cortical
orientation tuned channel centred on the training stim-
ulus orientation. Thus, we would have expected some
transfer to this stimulus even if learning were localised in
such a channel. The þ90 stimulus (i.e. 135 from ver-
tical), conversely, was selected to be beyond the band-
width of such a channel. However, for the simple grating
stimuli used here it also constitutes a mirror symmetric
image of the training stimulus (i.e. note that for these
stimuli 135 is equivalent to 45 from vertical). A close
examination of the perceptual learning literature reveals
that transfer to mirror symmetric image orientations
may be a special case (e.g. Ahissar & Hochstein, 1996;
Dorais & Sagi, 1997; Mayer, 1983). Thus, with a dif-
ferent selection of orientations it is possible that we
would have found some speciﬁcity of learning to ori-
entation. Given the remainder of the pattern of speci-
ﬁcity observed in the current experiments, even if
additional tests revealed learning did not transfer to
non-mirror symmetric orientations this would still sug-
gest that the learning is localised in early visual pro-
cessing (e.g. in V1). However, it would imply that both
mechanisms selective for mirror symmetry (cf. van-
derZwan, Leo, Joung, Latimer, & Wenderoth, 1998)
and mechanisms tuned around a single preferred ori-
entation were involved.
4 Note that because spatial frequency and orientation tuning are not
perfectly correlated in the input layers to V1 it is possible that learning
was based in the sub-populations of cells that are spatial frequency but
not orientation tuned.
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4.4. General improvements in contrast sensitivity?
In the present study we have shown improvements in
contrast sensitivity to a speciﬁc grating pattern follow-
ing many trials practice detecting that pattern. This
leaves open the question of whether a more general
improvement in contrast sensitivity to all patterns could
result from a less speciﬁc training task. One such task
may be the real-world examination of up to hundreds of
thousands of greyscale X-ray images conducted by ex-
pert radiologists during the course of their careers. Our
recent data (Sowden, Davies, & Roling, 2000) are con-
sistent with the possibility that perceptual learning as a
function of this image exposure may result in a general
enhancement in sensitivity to low-luminance contrast
image features thereby supporting the possibility of
more general improvements in contrast sensitivity.
Combined with the present results they suggest that the
possibility merits further investigation.
5. Conclusions
Practice improves observers’ ability to detect simple
low-luminance-contrast sinusoidal grating stimuli. This
improvement is spatial frequency tuned, speciﬁc to ret-
inal location and can be speciﬁc to eye. However,
learning is not speciﬁc to stimulus orientation. These
observations are most consistent with the possibilities
that learning is localised in a sub-population of V1
Layer 4 cells (possibly 4Ca) that are spatial frequency,
but not orientation tuned, or that learning is localised in
the ﬁlters, revealed by psychophysical experiments, that
pool across orientation but not spatial frequency. These
possibilities are not necessarily mutually exclusive (cf.
Georgeson & Meese, 1997). Thus, our results suggest
that even the most fundamental task for pattern recog-
nition––the simple detection of luminance contrast––can
be modiﬁed by perceptual learning and is not simply
hard-wired in adults.
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